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Near-ideal Schottky barrier contacts ton-type Al0.22Ga0.78N have been developed by a two-step
surface treatment technique. Plasma etching of the AlxGa1−xN surface prior to Schottky metal
deposition, combined with sequential chemical treatment of the etched surface, holds promise for
developing high quality low-leakage Schottky contacts for low noise applications and for recessed
gate high electron mobility transistors. In this work, the effect of postetch chemical treatment of the
n-type Al0.22Ga0.78N surface on the performance of the Ni/Au based Schottky contact has been
investigated. Three different types of chemical treatment: viz, reactive ion etching, reactive ion
etching plus dipping in hotaqua regia, and reactive ion etching plus dipping in hot KOH, are
studied. Detailed current-voltage studies of three different surface treated diodes and a comparison
with as-deposited diodes reveal significant improvement in the diode characteristics. The latter
surface treatment yields Ni/Au Schottky diodes with very low reverse leakage currents, breakdown
voltages greater than 44 V, and an ideality factor as low as 1.14. ©2004 American Institute of
Physics. [DOI: 10.1063/1.1769096]

I. INTRODUCTION

The last several years have witnessed rapid progress in
the development of optical devices based on group III nitride
semiconductors.1 Among these semiconductors, ternary solid
solutions of AlxGa1−xN are currently under intense study for
applications in solar-blind photodetectors, lasers, and high-
power, high-frequency, high-temperature high electron-
mobility transistors(HEMTs).2 An important component of
the latter are metal/semiconductor(M/S) contacts to
Al xGa1−xN. Some studies of these contacts address the bar-
rier heights of the Schottky contacts3–8 to n-Al xGa1−xN; oth-
ers explore the influence of the Al mole fraction on the con-
tact barrier heights.5,7,8 No report has appeared that touches
on the reverse breakdown characteristics of the AlxGa1−xN
Schottky contacts.9–14 Experimental studies of the gate cur-
rent leakage in AlGaN HEMTs shows that the excess gate
leakage strongly influences the gate control and the power
consumption. The noise performance of the GaN/AlxGa1−xN
HEMTs is also dependent on the gate leakage current.15

Thus, the reduction of the leakage current is essential for
developing III-V nitride based low-noise devices. These di-
odes should indeed be optimized for fabrication processing
for low-leakage and reliable performance. The ability to ef-
fectively modulate the M/S depletion layer width in a
Schottky diode with a low reverse leakage current is the key
to developing III-V nitride based low-noise electronics. Ex-
perimental studies of gate leakage current show that the ex-
cess gate leakage current strongly influences the gate control,
the power consumption, and the noise performance of the
GaN/AlxGa1−xN based field-effect transistors.15 It is believed
that the presence of an as-deposited thin insulating layer on
the AlxGa1−xN surface significantly affects the current-
voltage characteristics of these Schottky diodes, yet no at-
tempts have been made so far to address this problem.

It is accepted that, due to substantial ionic components
of the bonds in III-V nitrides, the Fermi level at the metal-
nitride interface is unpinned.16 This mean that nonoptimized
surface preparation conditions can strongly influence the ul-
timate current-voltagesI-Vd characteristics leading to non-
ideal behavior of the Schottky contacts.14,17 The impact of
such effects on the AlxGa1−xN Schottky diodes is not yet
known. Not many studies have been conducted to determine
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the plasma-induced damage of these Schottky diodes. How-
ever, from a technological viewpoint this is crucial for devel-
oping low-noise nitride based devices.

The objective of the present investigation is to carry out
an in-depth investigation of the influence of the AlxGa1−xN
surface preparation on the current-voltage and capacitance-
voltage sC-Vd characteristics of the metal/AlxGa1−xN
Schottky diodes. For the investigation, attention will be fo-
cused on how to optimize the chemical treatments of the
Al xGa1−xN surface to improve the Schottky diode properties.
The fundamentals and the microstructure of these Schottky
diodes will be addressed in a subsequent investigation.

II. GROWTH AND FABRICATION

The AlxGa1−xN layer for this study was grown on
400 mm thick s0001d sapphire substrates at the U.S. Army
Research Laboratory by employing the metal organic chemi-
cal vapor deposition method. First, a 30 nm thick low tem-
perature(500 °C) undoped GaN buffer layer was deposited.
It was followed by the growth of a 1.4mm thick layer of
Al xGa1−xN at 1070 °C withx=0.10–0.22. From Hall mea-
surements the background donor concentration was found to
be around 1.631016 cm−3.

Four samples were cut from the same wafer and were
cleaned by degreasing in a soap solution followed by 3 min
heated ultrasonic baths successively in trichloroethylene, ac-
etone, and methanol. The samples were then dipped in a
heated bath of an NH4OH:H2O2:H2O s1:1:5d mixture for
3 min, followed by a 3 min dip in a heated
HCl:H2O2:H2O s1:1:5d mixture. One of the samples was
removed at this stage, and no further treatment was done to
it. It was labeled sample A0. The remaining three samples
were reactively ion etchedsRIEd for 15 sec at 150 W in our
Plasma Therm 790 System with Cl2. The Cl2 flow rate was
15 SCCM (SCCM denoter cubic centimeter per minute at
STP), and the chamber pressure was 10 mTorr. This resulted
in an etch depth of 325 Å.

The RIE etching parameters were optimized to induce as
little surface damage as possible. However, plasma etching
does produce some damage to the surface. The damaged sur-
faces are generally very prone to subsequent oxide forma-
tion, which adversely affects the contact performance,18 so
efforts were made to prevent the samples from being ex-
posed to air for any extended period of time after they were
brought out of the RIE chamber. All the samples were kept
immersed in methanol during the idle time of processing.
The second sample, B0, was left as etched with no post etch
treatments. The third sample, C0, was immersed in boiling
aqua regia for 5 min, while the fourth sample, called sample
D0, was immersed in boiling KOHs45%d solution for 5 min.

Schottky diodes were fabricated using two-step photoli-
thography. The ohmic Ti/Al/Ti/Aus300 Å/1000 Å/
300 Å/300 Åd contact metal evaporation was followed by a
standard lift off in acetone. These contacts formed rings with
an inner diameter of 300mm and an outer diameter of
375 mm. All but the Au were electron beam evaporated, and
it was evaporated thermally. The ohmic anneal was done by
rapid thermal annealing at 750 °C for 30 sec in a flowing

argon gas. Prior to Schottky metal deposition, the samples
were dipped into HF:HCl:H2O s1:1:10d for 15 sec, and
then rinsed in H2O and blown dry. 200mm diameter
Schottky contacts were aligned inside the 300mm opening
in the ohmic contacts by evaporating 500 Å of Ni followed
by 250 Å of Au. Following photolithography, but during
evaporation the base pressure of the vacuum chamber was
maintained at about 10−7 Torr, and the substrates were kept
at room temperature.

Electrical characterization of all the diodes included
I-V andC-V measurements.I-V measurements of the diodes
were made at room temperature using a Sony Tektronix
370-A Curve Tracer interfaced with a computer. From the
I-V plots forward/reverse voltage drop, reverse saturation
current, and breakdown voltage were determined.C-V mea-
surements were made using a computer-interfaced HP
4912-A. Impedance analyzer meter connected to a probe sta-
tion in the parallel mode. The measurement frequency was
fixed at 100 kHz.

III. RESULTS AND DISCUSSION

A. Current-voltage characteristics—forward bias

The I-V characteristics of the Ni/Au Schottky contacts
made on the untreated AlxGa1−xN surface and the surfaces
treated by the three other different methods are shown in
Figs. 1(a)–1(c). Figure 1(a) compares theI-V characteristics
of all four diodes. Corresponding to the same applied bias,
the current in the A0 diode is on the order of 10−5 A, while
the currents in the B0, C0, and D0 diodes are on the order of
10−3 A. For the sake of clarity, the enlarged view of the
I-V characteristics of the A0 diode is shown by itself in Fig.
1(b). It can be seen that the forward conduction of the A0

diode started at the relatively high voltage of,4 V. The
reverse breakdown voltage for this diode was slightly over
6 V, which is far below the theoretical limit.

From Fig. 1(a) one can see that significant improvement
in the forward conducting voltage took place due to the sur-
face treatment for all of the diodes. The forward conduction
started at as low as 0.5 V in the RIE etched onlysB0d diodes.
Yet, compared to the untreated diodes(0.5 mA at 4 V), the
leakage current increased to a significant value of 0.105 mA
at −4 V under reverse bias. Although theB0 diodes had ex-
cellent forward conduction properties, they had a lower re-
verse breakdown voltage and a higher leakage current, which
may be attributed to RIE ion-induced damaged.

Of the three diodes with surface treatments, the diodes
that had undergone RIE and were subsequently boiled in
aqua regiasC0d, showed the maximum degradation in both
the forward conduction and reverse leakage currents. These
soft breakdown characteristics observed in theA0, B0, and
theC0 diodes were mainly due to the interface current arising
from high surface states at the M/S interface. Notably the
A0, B0, andC0 diodes had higher interface states than theD0

diodes. Although we have not tested for it, the tunneling
along the contact edges due to the high electric field at the
contact periphery may also be a possibility for the higher
leakage current.

J. Appl. Phys., Vol. 96, No. 6, 15 September 2004 Motayed et al. 3287
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The most striking feature of the present study was re-
vealed from theI-V characteristics of the RIE etched diodes
that were wet etched in KOH(e.g.,D0 diodes). They dem-
onstrated a significant increase in the reverse breakdown
voltage and a dramatic decrease in the leakage current. Fig-
ure 1(c) shows the full-scaleI-V characteristics of theD0

diodes, which exhibited a breakdown voltage of 45 V. Re-
markably, this is an order of magnitude higher than that of
the untreated diodes. Unlike other diodes, theD0 diodes also
had hard breakdown characteristics in that they had leakage
current density on the order of 3310−3 A/cm2 at 18 V.

A schematic diagram of the band structure of the
n-Al xGa1−xN Schottky diode under forward bias3 is shown in
Fig. 2. In this figureEf is the Fermi level of the semiconduc-
tor, Efm is the Fermi level of the metal,Ec is the conduction
band edge of the semiconductor,j is the energy of electrons
above the top of the effective barrier,h is the energy of the
electrons below the top of the effective barrier,E is the en-
ergy of electrons measured fromEc, V is the applied voltage,
qVn=Ec−Ef, qfb0 is the barrier height of the contact ignor-
ing image force lowering, andqDf is the image force low-
ering of the barrier height. The effective barrier height is
qfb0−qDf, and the effective flat-band voltage isqVb

=qVb0−qDf. The Fermi level,Ef, is positive when above the
bottom of the conduction band edge Ec.

Current I through a Schottky barrier junction resulting
from the conventional thermionic emission may be expressed
by19

I = I0 expS qV

nidlkBT
DF1 − expS−

qV

kBT
DG , s1d

whereI0 is the reverse saturation current given by

I0 = AA* T2 expS−
qwB

kBT
D , s2d

whereA is the surface area of the metal-semiconductor in-
terface(area of the diode), A* is the Richardson constant,q
is the electronic charge,T is the absolute temperature of the
metal-semiconductor junction,wB is the Schottky barrier
height of the metal-semiconductor junction,kB is the Boltz-
mann constant,V is the applied voltage, andnidl is the ide-
ality factor. Carrier transport across the M/S interface of
ideal diodes occurs strictly via thermionic emission, and for
ideal diodes the ideality factornidl included in Eq.(1) is
unity. Equation(1) can be manipulated to the form19

InsjVNd = mVNV + cVN, s3d

where

jVN = FIH1 − expS−
qV

kBT
DJ−1G , s4d

FIG. 1. (a) Absolute diode current vs voltage curves forA0, B0, C0, andD0

Au/Ni/Al xGa1−xN diodes.(b) Enlarged view of the diode current vs voltage
curve for theA0 diodes.(c) The diode current vs voltage curve showing
large reverse breakdown for theD0 diodes.

FIG. 2. Schematic diagram of the band structure of a metal-semiconductor
contact under forward bias.

3288 J. Appl. Phys., Vol. 96, No. 6, 15 September 2004 Motayed et al.
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mVN = S q

nidlkBT
D , s5d

cVN = lnsI0d. s6d

This means that, experimentally, the ideality factornidl of a
diode can be extracted from a logarithmic plot ofjVN as a
function of the applied biasV. Experimentally observedI-V
characteristics of diodes differ frequently from the theoreti-
cal predictions made on the basis of thermionic emission
theory. A departure from the ideality is caused by the image
force lowering, generation and recombination of carriers in
the space charge region, interface states, and thermionic field
emission.20–23 These effects invariably increase the ideality
factor. Hence the factor is indicative of how close to ideality
the Schottky diode is.

The drift and diffusion of carriers may also play a role in
the carrier transport through the M/S contact. It can be de-
scribed in terms of an effective diffusion velocity.vD, asso-
ciated with the transport of electrons from the edge of the
depletion region,x=W (see Fig. 2) to the pointsx=xmd where
the potential energy is maximum. However, these phenom-
ena become effective if the barrier height is much larger than
the thermal voltage,kBT, the effect of electron collisions
within the depletion region is appreciable, the carrier concen-
trations at the edge of the depletion region is unaffected by
the current flow(e.g., they have the equilibrium value), and
the ionized impurity concentration in the semiconductor is
low. The diffusion of carriers is strongly influenced by the
potential configuration of the region through which the dif-
fusion occurs. This potential configuration at the M/S inter-
face sx=0d is affected by image force lowering. Because of
this, there occurs a rounding of the potential energyqcsxd
near the M/S interface, and the potential energy becomes
lower at the M/S interfacesx=0d than atx=xm. The portion
of the barrier betweenx=0 andx=xm thus acts as a sink for
electrons. Under these circumstances the current flow across
the junction is better described in terms of an effective re-
combination velocity,VR, at the potential energy maximum
at x=xm. If VD!VR the drift-diffusion process is very domi-
nant. On the other hand, ifVD@VR the thermionic process is
dominant.24

Figure 3 shows the logarithmic plot of the forward cur-
rent density for all four diodes. One can see that there is a
major improvement in the forward current density due to
RIE etching of the surface prior to metal deposition. We
attribute it to the removal of the native oxide present on the
surface of the virgin samples. Formation of such a native
oxide impedes the current conduction until the electric field
sustained by the thin interfacial layer is strong enough for the
carriers to tunnel through it. This is manifested by a higher
forward conduction voltage observed in the untreated sample
diodes.

From Fig. 3 it can be seen that there was a decrease in
series resistance in theB0 diodes as compared to theA0 di-
odes. Previous investigations of the effects of surface treat-
ments of the GaN surface have also shown that removal of
native oxides improve the contact resistance.25 This is ex-
pected because, inn-GaN, the dry etch damage leads to

higher near-surface conductivity.26 It is apparent that the se-
ries resistance of theD0 diodes was larger than that of theB0

diodes. The dry-etching damage extended up to a few 100 Å,
and it was removed by the subsequent boiling in hot KOH
for 5 min. The immediate result was that the removal of the
damagedn-type conducting layer accompanied an increase
in the series resistance of theD0 diodes. The forward current
density for theC0 diodes differ markedly from those of the
other diodes that had received surface treatments. We will
later show that the reverse current density and the plots for
the ideality factor,nidl, indicated that the RIE-etching dam-
age was not, in fact, fully removed using the aqua regia
treatment.

The ideality factor for the diodes was obtained from the
lnsjVNd vs V plots, which are shown in Figs. 4(a) and 4(b).
As indicated earlier, our measurement tools have low preci-
sion for measurements of low current. So spurious data
points in the form of small plus signs, multiple signs and
circles appear in these figures. The ideality factornidl is ex-
tracted from the straight line portion of each of the plots, and
are listed in Table I. The ideality factor for the untreated
diodes was quite high suggesting that the transport in this
diode involved complex processes including tunneling
through insulating layers. The ideality factor extracted for
the RIE only treated diodes was as high as 13.5 plausibly
because the tunneling mediated current transport mechanism
was very dominant for these diodes. In contrast, the aqua
regia treated diodes had a lower ideality factor of 6.8. For the
KOH treated diodes, the ideality factor was as low as 1.14,
which is close to that of an ideal diode.

B. Current-voltage characteristics-reverse bias

The leakage current observed experimentally in our di-
odes can be analyzed at least qualitatively by taking into
consideration various transport mechanisms such as tunnel-
ing through the Schottky barrier, generation and recombina-
tion in the depletion layer, and defect assisted conduction in
various diodes making use of the inhomogeneously “patchy”
Schottky barrier model.27 The total reverse current density,

FIG. 3. Semilogarithmic plot of forward current density vs forward applied
bias forA0, B0, C0, andD0 diodes.
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JREV, through the Schottky barrier can be assumed to be the
sum of current density components arising from various
electrical mechanisms:

JREV = JTE + JTUN + JGR + JMS. s7d

JTE is the thermionic emission current density.JTUN is the
tunneling current component density, which dominates in de-
generate semiconductors at low temperatures.JGR is the
generation-recombination current density arising mainly in
the depletion region.JMS the thermionic field emission cur-
rent density in the presence of traps defects at the metal-
semiconductor interface.

According to the thermionic emission theory, the reverse
current density is given by the same equations as those for
forward bias, but they are applied to the region whereV is
negative. Except at high temperatures and voltages, the re-

verse thermionic emission current density is negligibly
small. The tunneling component of the leakage current den-
sity may be given by3

JTUN =
A * T

kB
E

0

qVb

expS−
qVb − qV

kBT
D

3expS z

kBT
DexpS−

z

E0
Ddz s8d

=
A * T2

a0
FexpSqV− qwb

kBT
D

− expSqV− qwb

E0
DexpSqa0Vn

kBT
DG , s9d

where

E0 = S 8

3q"
Îmn

*«0«s

Nd
D−1

, s10d

qVb = qwB − qVn − qV, s11d

a0 =
kBT

E0
− 1, s12d

"=h/2p, mn
* is the effective electron mass in the conduction

band, andqVn=Ec−Ef.
At low applied bias, the most dominant electrical con-

duction is via tunneling. This is evident from the soft break-
down characteristics observed in theA0, B0, andC0 diodes,
but not in theD0 diodes. The presence of defects near the
surface region can give rise to defect assisted tunneling,
which can greatly enhance the tunneling probability. It often
is manifested by soft breakdown characteristics that are ob-
served in all but ourD0 diodes.

For most compound semiconductors that exhibit small
effective electron masses, in general, the thermionic field
emission is an important component of the reverse current
density. Under reverse bias, the field emission occurring
from the metal into the semiconductor of the diodes can
reasonably be approximated by considering a triangular bar-
rier. Under these assumptions the reverse bias voltage is
larger than a fewskBT/qd so at low temperature operation the
current density due to field emission is given by the complex
equation28

FIG. 4. Semilogarithmic plots ofjVN as a function of the applied bias for(a)
the A0 diodes and(b) the three surface treatedB0, C0, andD0 diodes.

TABLE I. Summary of electrical characteristics of the four different diodes.

Sample Treatment
Reverse breakdown

voltageVRB sVd
Breakdown

characteristics
Forward conduction

voltageVON sVd
Ideality
factor

Barrier height
wB

C-V seVd

A Untreated 6 Soft breakdown 4.0 22.00 0.55
B RIE etched 4 Soft breakdown 0.5 12.00 0.22
C RIE etching+aqua regia boil 4 Soft breakdown 0.4 6.81 ¯

D RIE etching+KOH boil 45 Hard breakdown 0.5 1.14 0.85

3290 J. Appl. Phys., Vol. 96, No. 6, 15 September 2004 Motayed et al.
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JMS = A *
E00

2

KB
2 f1 − B1wB

−1gexpS−
s2qwBd3/2

3E00
ÎsqwB + qB2d

D ,

s13d

where

E00 =
qh

4p
Î Nd

mn
*«0«s

, s14d

B1 = V − Vn, s15d

B2 = V + Vn. s16d

From Eqs.(13)–(16) it is clear that a small change in the
barrier height results in a significant change in the reverse
thermionic field emission current density.

The threading dislocations present in the nitride materi-
als are believed to be nonradiative recombination centers,
and they can act as traps for carriers. Generation of carriers
can also arise from mechanisms such as thermal electron-
hole se-hd pair generation, which is usually negligible for
wide band gap semiconductors.(Under room temperature
operations, so they can safely be neglected.) Other mecha-
nisms of generation might be emission from the traps and the
generation of carriers due to impact ionization. Such carriers
mught be important in the presence of the high electric fields
generated in reverse biased junctions. The generation-
recombination current can be expressed as

JGR =
qW

2
vthsTNT ni expS qV

2kBT
D , s17d

whereW is the space charge layer(depletion layer) width, vth

is the saturation velocity of electrons,sT is the capture cross
section for electrons by the traps concerned, andni is the
intrinsic carrier concentration.

To understand the importance of the various components
of the reverse leakage current, we carried out numerical cal-
culations ofJTE, JTUN, JMS, andJGR. The parameters used for
the calculations areA* =26 A cm−2 K−2, wB=0.85 and
0.57 V, NT=1.53109 cm−2, «s=9.10, mn

* =0.2, and vthsT

=10−7 cm3 sec−1. The intrinsic carrier concentration is calcu-
lated using the conventional formula. The effective density
of states for electrons and holes,Nc andNv, respectively, are
estimated from those of GaN using Vegard’s law. Thus we
got Nc=331018 cm−3 and Nv=231019 cm−3. The energy
bandgap for AlxGa1−xN was given by1

Eg
AlGaN = s1 − xdEg

GaN+ xEg
AlN − bxs1 − xd, s18d

where Eg
GaN=3.39 eV,Eg

AlN =6.20 eV, andb is the bowing
parameter with a value of 0.96. Various current densities
were computed for a number of different ideality factors
ranging between 1.0 and 10.0. These results for certain rep-
resentativenidl values are listed in Table II. In this table, for
each applied bias, the first, second, third, and fourth data of
column 2 correspond tonidl =1.0, 4.0, 7.0, and 10.0, respec-
tively; the first, second, third, and fourth data of column 3,
however, correspond tonidl =1.0,1.1,1.2, and 1.3, respec-
tively. The experimental data forC0 andD0 diodes are pre-
sented in columns 4 and 5 of the table. It was observed that,

for nidl =1.0, the calculated current density for the thermionic
emission, tunneling, and the thermionic field emission are
negligibly small—lower than about 10−10 A/cm2. However,
for larger values ofnidl they could not always be ignored.
This is becausenidl of JTE with values greater than one for
any diode represented a measure of the deviation of the di-
ode characteristics from the ideal transport mechanisim limit,
which is the thermionic emission of carriers over the barrier.
Image force lowering, generation-recombination in the space
charge region, interface states, and thermionic field emission
should all have contributions to the possible transport
mechanism, which lead the ideality factor to be greater than
unity.20–23Thus, the contributions of all these current density
components were actually lumped into theJTE term with
nothing left to be inferred from separate calculations forJTUN

andJMS. Interestingly, the experimental results forC0 diodes
are close to the calculated ones forwB=0.57 V and nidl

=1.2. The experimental results forC0 diodes are essentially
identical to the calculated ones forwB=0.57 V andnidl =1.0.
Thus confirms that the thermionic emission is the primary
mechanism for reverse current inD0 diodes; but tunneling,
thermionic field emission, recombination, etc. contribute to
the reverse current inC0 diodes.

Figure 5(a) shows the reverse current density plots as a
function of reverse bias for theA0, B0, andC0 diodes, and
Fig. 5(b) shows the same plot for theD0 diodes. Unfortu-
nately our measurement tools do not exhibit high precision
for the measurements of current density below 10−2 A/cm2

so spurious data points in the form of small dashes appear in
Fig. 5(a) for current densities below 10−2 A/cm2. The same
spurious data points appeared in the form of small crosses in
Fig. 4(a), and in the form of small squares in Fig. 4(b). The
reverse leakage current density for all four diodes reveal dis-
tinctive features of all three surface treatments in terms of
dry-etch damage and their restoration by the subsequent
chemical treatment. The RIE only surface etched diodes ex-
hibited a higher reverse leakage current and a lower reverse
breakdown voltage than the untreated diodes. This is consis-
tent with findings by other researchers.29,30While the plasma
etching removed the interfacial oxide and hydroxide layers,
it created a shallow damaged layer due to ion bombardment.
This damage consists mainly of point defects, with shallow
energy levels.29 The presence of a thin damaged interfacial
layer with increasedn-type conductivity enhanced the tun-
neling probability thus increasing the reverse bias leakage
current. Unfortunately, the postetch treatment in boiling aqua
regia did not prove to be useful in removing the plasma
induced damage. As evident from Fig. 5(a), the leakage cur-
rent in C0 diodes increased more than in theB0 diodes. Fig-

TABLE II. The C−2 vs VR relationships for sampleA0, B0, C0, and D0

diodes.

Diode Relationship

SampleA0 diode C−2=−4.031014 VR+2.031014

SampleB0 diode C−2=−1.84631014 VR−4.30731013

SampleC0 diode C−2=−4.031014 VR+1.031015

SampleD0 diode C−2=−9.031014 VR+6.031014
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ure 5(b) reveals that indeed subsequent KOH treatment after
RIE etching was very effective in minimizing the plasma-
induced damage. In these diodes there was a very low level
of leakage current even at high reverse voltages(e.g.,
3310−3 A/cm2 at 18 V). The breakdown voltage also im-
proved from 4 V for theB0 diodes to over 44 V for theD0

diodes. The results were also superior to those for theA0

diodes.

C. Capacitance-voltage characteristics

The primary objective of theC-V measurements was to
uncover the nature of the depletion region in the Schottky
diodes. For a negligibly small thickness of the oxide layer
between the metal and the uniformly doped semiconductor,
the inverse square of the capacitance of a defect free diode,
as a function of applied reverse bias, is given by19

C −2 = aT − bTV, s19d

whereaT andbT are constants defined by

aT =
2sqVbi − kBTd

q2«0«sNd
, s20d

bT =
2

q«0«s Nd
, s21d

and where«0 is the permittivity in vacuum,«s is the dielec-
tric constant of the AlxGa1−xN semiconductor, andNd is the
doping concentration of the AlxGa1−xN samples.Vbi is the
built-in potential given by

Vbi = wB − Vn s22d

with

FIG. 5. (a) Semilogarithmic plot of reverse current density with respect to
reverse bias for theA0, B0, and C0 diodes. (b) Semilogarithmic plot of
reverse current density vs reverse bias for theD0 diodes.

FIG. 6. (a) C −2 vs V plot for all four different diodes, and(b) enlarged view
of the C −2 vs V plot for the RIE treated onlyB0 diodes.
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Vn =
kBT

q
lnSNc

Nd
D , s23d

whereNc is the effective density of states for electrons in the
conduction band.

The room-temperature variation ofC −2 (per cm2) with
the applied reverse bias at a frequency of 100 KHz is shown
in Figs. 6(a) and 6(b) for all four diodes. Figure 6(b) shows
the same plot for the RIE etched diode separately to more
clearly depict itsC-V characteristics. With the exception of
the B0 diodes theC −2 vs VR plots are essentially linear, as
predicted by Eq.(19). They, however, have different slopes,
and they intersect the voltage axis at distinctly different
points. They have different slopes because the diodes have
different concentrations of electron traps.

It must be noted that increasingC −2 with increasing re-
verse bias magnitude would be observed even in the absence
of deep traps, due to the presence of the shallown-type do-
nors. The effective donor density Nef f, which is dependent
upon the shallow donor density Nd, the trap densityNt, and
the measurement angular frequencyv, may be given by14

Ndeff = NdF1 +SNT

n
D en

2

en
2 + v2G2

, s24d

wheren is the density of the free electrons in the bulk, anden

is the emission rate of the traps. In order to extract the dop-

ing density of the AlxGa1−xN layer, we carried out numerical
calculations using Eqs.(19)–(23) and assuming«s=9.4. This
value of the dielectric constant was estimated by using linear
interpolation of the dielectric constants of GaN and AIN. It
was noted that the use of the complex Eq.(24) for the effec-
tive doping did not bring significant change in the end result
for the said frequency range, and that the capacitance per
unit area of the diode was used in the respective equations
for the calculation. TheC −2 vs VR relationships forA0, B0,
C0, andD0 diodes are shown in Table III.

From the slopes of theC −2 vs V plot for theA0 andC0

diodes, the calculated doping density was 331016 cm−3. The
slope of the sameC −2 vs V plot for the sampleD0 diodes
yielded the value ofNd=1.631016 cm−3, which is almost
identical to that obtained from the Hall effect measurements.
This confirms that there was considerable damage in the RIE
etched only samples and in those those that were RIE etched
and wet etched in aqua regia. It also confirms that the diodes,
that had the RIE damage removed by a KOH etch, were
essentially damage free.

The plots for theB0 diodes, are problematic in that they
were unstable for voltages.1 V, which might have been
due to excessive leakage resulting from the plasma-induced
damage. This is because there was an increase in the net
doping concentration due to RIE etching. The increased tun-
neling current in the reverse bias for theB0 diodes influenced

TABLE III. Calculated reverse leakage current due to thermionic emission for various values of the ideality
factors. In column 2, the first, second, third, and fourth data correspond tonidl =1.0,4.0,7.0, and 10.0, respec-
tively. In column 3, the first, second, third, and fourth data correspond tonidl =1.0,1.1,1.2, and 1.3, respectively.
The experimental data forC0 and D0 diodes are presented in column 4 and 5. Total reverse current density
sAmp/cm2d.

Bias sVd fB=0.85 V fB=0.57 V C0 diode D0 diode

−0.1 −1.203310−8 −6.2136310−4 −1.1000310−3 −6.366310−4

−2.189310−7 −8.6476310−4
¯ ¯

−3.313310−7 −1.1592310−3
¯ ¯

−3.910310−7 −1.4855310−3
¯ ¯

−0.2 −1.228310−8 −6.2136310−4 −2.3312310−3 −6.366310−4

−4.066310−6 −1.2549310−3
¯ ¯

−9.315310−6 −2.2550310−3
¯ ¯

−1.298310−5 −3.7028310−3
¯ ¯

−0.3 −1.229310−8 −6.2136310−4 −3.1052310−3 −6.366310−4

−7.402310−5 −1.7845310−3
¯ ¯

−2.566310−4 −4.2986310−3
¯ ¯

−4.220310−4 −9.0448310−3
¯ ¯

−0.4 −1.229310−8 −6.2136310−4 −4.3332310−3 −6.366310−4

−1.346310−3 −2.5365310−3
¯ ¯

−7.068310−3 −8.1908310−3
¯ ¯

−1.372310−2 −2.2085310−2
¯ ¯

−0.5 −1.229310−8 −6.2136310−4 −8.6712310−3 −6.366310−4

−2.451310−2 −3.6055310−3
¯ ¯

−1.947310−1 −1.5609310−2
¯ ¯

−1.460310−1 −5.3924310−2
¯ ¯

−0.6 −1.229310−8 −6.2136310−4 −1.7755310−2 −6.366310−4

−4.460310−1 −5.1250310−3
¯ ¯

−5.361310−0 −2.9739310−2
¯ ¯

−1.450310+1 −1.3166310−1
¯ ¯

−0.7 −1.229310−8 −6.2136310−4 −3.3256310−2 −6.366310−4

−8.115310−0 −7.2848310−3
¯ ¯

−1.477310+2 −5.6665310−2
¯ ¯

−4.713310+2 −3.2148310−1
¯ ¯
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the measurements. For these diodes, there was a decrease in
the slope of theC −2 vs V plot at low reverse voltage[see
Fig. 6(b)], as there occurred a near-surface increase in the
doping concentration. This is corroborated by reports from
previous investigations.26 It is very likely that there was a
preferential loss of nitrogen due to plasma sputtering, which
created nitrogen vacancies. These vacancies act as donor at-
oms. This is the probable cause of near-surface increase in
doping density.

The flat-band(F-B) Schottky barrier heights for the
present diodes were calculated using Eqs.(19)–(23). From
the intercept of theC −2 vs V plot on the voltage axis, the
contact potential was obtained as

Vbi =
aT

bT
+

kBT

q
, s25d

whereaT is the intercept of theC −2 vs V plot on the voltage
axis. Using Eqs.(22) and (23) and assuming that the effec-
tive density of states in the conduction band of AlxGa1−xN is
Nc=2.831018 cm−3, we calculatedF -B barrier heights for
all the diodes except for theC0 diode whereVbi was anoma-
lously large for reasons that are not clear at this time. They
are presented in Table I. The intercept used for theB0 diodes
is the one obtained at higher voltages[see Fig. 6(b)]. It can
be seen that theF -B barrier height decreased from 0.55 eV
for the A0 diodes to 0.22 eV for theB0 diodes. As indicated
earlier, it is plausible that the plasma etching created a shal-
low damaged layer due to the preferential sputtering of ni-
trogen, thus enhancing then-type coductivity. Creation of
near-surface lattice defects, which generally behave as deep
level states and thus can produce compensation, trapping or
recombination in the material, are responsible for the en-
hanced tunneling. The latter caused a significant decrease in
the F -B Schottky barrier height of theB0 diodes. Due to
rapid diffusion and ion channeling, these defects can be ex-
tended to as deep as 1000 Å. The decrease in theF -B barrier
height for the RIE etched only samples is in line with the
increase in reverse bias leakage current.

As it is evident from Table I, the boiling of a sample in
KOH as a postetch treatment is very effective in removing
the dry-etch damage and for improving theF -B Schottky
barrier height. The Schottky barrier height for theD0 diodes,
as derive fromC-V data, was 0.85 eV, which is closer to the
theoretically calculated value for the NiAlxGa1−xN diodes. As
derived from reverse leakage current, this is, however,
0.57 V.

IV. CONCLUSION

In conclusion, Schottky contacts ton-Al xGa1−xN have
been fabricated on an untreated surface and surfaces treated
by three different surface treatment techniques. Experiment
is compared to theory to ascertain what the dominant effects
of each treatment are. Samples that are RIE etched and then
wet etched in a boiling KOH solution for 5 min produces the
best electrical characterstics. The treatments are low damage
Cl2-based RIE etching of the sample prior to metal deposi-
tion, RIE etching of the sample and subsequent wet etching
in boiling aqua regia for 5 min before metal deposition, and

RIE etching of the sample and subsequent wet etching in
boiling KOH for 5 min before metallization. The treatments
appear to suppress the electrical activity of the dislocations
in the diodes. Both current-voltage and capacitance-voltage
measurements lead to this conclusion. This process demon-
strates a significant improvement in the reverse leakage cur-
rent density 3310−3 A/cm2 at 18 V; it also produces an
ideality factor as low as 1.14, a reverse breakdown voltage
over 44 V, and excellent forward conduction characteristics.
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